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Title: The role of IKKa in EGFR signaling regulation

1. INTRODUCTION:

A Triple-negative breast cancer (TNBC), which account for approximately 15-
20% of breast cancers in the United States, lacks the expression of estrogen receptor (ER)
and progesterone receptor (PR) as well as amplification of HER2/neu and is associated
with poorer outcome compared with other breast cancer subtypes (/-3). TNBC also
overlaps with the basal-like breast cancer, which is a subtype of breast cancer classified
by genomic signatures identified in the molecular classification, although they are not
same (2, 4). Unlike ER-positive, PR-positive, or HER2-overexpressing tumors, the lack
of well-defined molecular targets and the heterogeneity of the disease pose a challenge
for treating TNBC (/, 3).

Aberrant activation and overexpression of the epidermal growth factor receptor
(EGFR) contribute to aggressive tumor behavior and poor patient prognosis (5), and thus
drugs that target EGFR are being used to treat many types of cancers. However, they are
not as effective for breast cancer, suggesting that other mechanisms (6, 7) or biological
functions of EGFR that have yet to be discovered may have important roles in breast
cancer. Overexpression of EGFR has been frequently observed in TNBC and is
associated with poor clinical outcome in TNBC patients (4, §). These findings suggest
that further understanding of the role of EGFR is critical for implementing successful
anti-EGFR therapy in TNBC.

In this study, we found a major inflammation regulator, IKKa inhibits EGFR
activity through a novel signaling pathway in breast cancer cells. IKKa binds to and
phosphorylated EGFR at S1026. Inhibits of IKK activity led to hyperphosphorylation of
EGFR Y845 and STAT3 Y705. Consistent with an earlier finding that IKKa serves as a
tumorsuppressor inducing skin cancer (11), our study provides novel mechanistic insight

of IKKa mediated EGFR suppression.

2. RESEARCH ACCOMPLISHMENTS BODY
Part I: Downregulation of IKKa enhances EGFR signaling through STAT3
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In this final year DoD progress report, we have summarized all the progress in a
format of manuscript (please see appendix-1), which is ready to submit to Cancer
Research. During the course of study, we have finished the proposed experiments proving
the tumor suppressor function of IKKa is due to the inhibition of EGFR signaling.
Briefly, inhibition of IKKa activity by chemical inhibitor or shRNA activates EGFR
tyrosine phosphorylation. Similarly, activation of IKKao inhibits EGFR Y845
phosphorylation. In search of IKKa-mediated EGFR suppression, we found IKKa is able
to phosphorylate EGFR at S1026 and therefore inhibits the EGFR activity. In the past
three years, we have accomplished all proposed experiments. First, we have generate
EGFR S1026A functional assay to show that ablation of IKKa phosphorylation on EGFR
induces cell proliferation. Second, we have characterized the site-specific antibody and
show that phospho-EGFR S1026 is really expressed in vivo. Third, we have generated the
transgenic mice with IKKao knockout and EGFR overexpression in mammary gland.
These results provide the most in vivo evidence that IKKa is a tumor suppressor in
EGFR high expressed cells.

Overall, we have accomplished all proposed experiments and show the most in vivo
evidence that EGFR is a tumor suppressor. We appreciate the support by DoD

postdoctoral fellowship and expect to submit the work soon.

Part I1: AKT1 inhibits breast cancer EMT by stabilizing Twistl

The other project we conduct in the DoD fiscal years is to identified the mechanism
of AKTI in EMT inhibition in breast cancer cells. Unlike AKT2, which primarily
involved in metastatic dissemination, AKT1 is known to inhibit breast cancer cell
migration, invasion and EMT in both transgenic mouse models and cell based studies. In
light of several observations all indicate the negative role of AKT1 during metastatic
spread, however the underlying mechanisms of the opposing effect by two highly related
kinase (AKT1/2) remain largely unknown. In this study, several lines of evidence suggest
that AKTI1 selectively regulates Twistl activity and contributes to AKTI1-mediated
repression of breast cancer metastasis. We found that AKT1 but not AKT2 specifically
interacts with Twist]l but not with other EMT mediators both in vitro and in vivo. Two

potential AKT phosphorylation motifs spanning three residues on the Twistl (S42 and
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T121/S123) are required for complete phosphorylation by AKTI1. AKTI1 negatively
regulates Twistl expression by catalyzing a phosphorylation-dependent ubiquitination on
Twistl. Phosphorylation deficient mutant of Twistl, which is resistant to b-TRCP-
mediated proteasome degradation, induces a stronger EMT phenotypic change.
Downregulation of Twistl reverts AKTI1-mediated EMT repression, suggesting that

Twistl is an authentic regulator governs AKT1-induced EMT repression.

Although an earlier study has indicated the involvement of AKT in Twistl
phosphorylation, here, we provide a more comprehensive study that utilizes a
recombinant full-length Twist] to dissect the contribution of each phosphorylation motif.
In their study, PKBb/AKT2 was used to test the phosphorylation on the synthetic peptide
to identify S42 as PKBb/AKT2 phosphorylation site. Changing S42 to alanine had
modest impact on the anti-apoptosis activity of Twistl. In our study, we found AKT1 but
not AKT2 preferentially interacts with Twistl, phosphorylates at three sites, and
subsequently alters Twistl stability. Strikingly, ablation of three AKT1 phosphorylation
sites on Twistl induces a stronger EMT phenotype, which resembles AKT1-mediated
EMT repression. In addition, we identified b-TrCP as a novel ubiquitin E3 ligase that
targets Twistl for AKTI-induced degradation. Overall, our observations are novel,
timely, and provide new mechanistic insight connecting phosphorylation-dependent
ubiquitination of Twistl to the inhibitory nature of AKT1 in metastatic repression.

Since this work is also related with breast cancer metastasis which is under the
theme of the DoD fellowship on breast cancer research. In the appendix-2, we provide

complete set of research data for evaluation as the final report.

Part 111: EGFR Associates with and Primes GSK3p for its Inactivation and Mcl-1
upregulation. Supported by DoD funding, the Pl also serves as first author of
another manuscript related to Triple Negative Breast Cancer (TNBC) treatment.

In studies with endogenous GSK3f association complex, we identified EGFR as a
novel GSK3p-interacting protein, which phosphorylates GSK3[ and inhibits GSK3[
activation. We revealed that GSK3[’s activity is stringently modulated by a previously

unknown and reversible modification, ubiquitination through a distinct TRAF6 binding
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motif of GSK3B. The essence of PE motif for enhancing GSK3[ activity suggested
TRAF6-mediated K63 ubiquitinaiton is involved. Furthermore, TRAF6 activates GSK3f3
activity, thereby affecting GSK3p dependent apoptosis. Altogether, we demonstrate
EGFR associates with and phosphorylates GSK3[3, which primed inactivation of GSK3[
by inhibiting TRAF6-mediated ubiquitination, resulting in Mcl-1 upregulation.

3. CONCLUSION

EGFR, as an essential growth and survival factor, plays an important role in cancers
of the lung, breast, brain, ovary, skin, and colon. The modification patterns of EGFR are
critical for its function and the understanding of these EGFR modifications could help us
design the optimal therapeutic strategies for targeting various EGFR-associated cancers
and/or non-cancerous diseases. In current study, we identified that EGFR serine
phosphorylation as a novel posttranslational modification playing an indispensable role in
regulation of EGFR signaling pathways. We identified that IKK o is a serine/theronine
kinase responsible for EGFR S1026 phosphorylation. Our data suggest that EGFR S1026
phosphorylation mainly affects its synergic interaction with Src. Similar to other
serine/theronine phosphorylation, phosphorylation by IKKo downregulates EGFR
signaling and thereby diminishes cell growth and tumorigenesis.

Our results also provide the first mechanistic evidence of how IKKa could serve as
a tumor suppressor. In the past three years, we have focused targeting EGFR signaling in
triple negative breast cancer cells. With DoD’s support, we have addressed important
biology question in human breast cancer cells and hoping to provide useful treatment for

breast cancer patients.

4. KEY RESEARCH ACCOMPLISHMENTS: 2013-2014

a) Manuscript preparation of the role of IKKa in EGFR signaling regulation.

b) Submission of AKT1 mediated EMT suppression.
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Summary

Epidermal Growth Factor Receptor (EGFR) belongs to the HER2 family of Receptor Tyrosine
Kinases (RTKs). Overexpression of EGFR is frequently linked to more aggressive tumor
behavior, including increased proliferation, metastasis, and therapeutic resistance. In particular,
patients harboring breast tumors with high EGFR survived poorly compared with those no or low
levels. Thus, EGFR has been considered as an excellent target of anticancer therapy for breast
cancer. In this study, we identified that EGFR serine phosphorylation as a novel posttranslational
modification playing an indispensable role in regulation of EGFR signaling cascades. We found
that IKKo directly binds to and phosphorylates EGFR at Serine 1026. Substitution of Serine
1026 to Alanine (S1026A) enhances Src mediated EGFR Y845 and STATS3 activity, suggesting a
negative role of IKKa in regulating EGFR and Src synergism. An in-depth analysis of this novel
axis, IKKo/EGFR/STATS3, reveals that CCL2 is a specific target for STAT3 regulation. In agree
with serine/threonine phosphorylation-mediated RTK repression, we herein identified IKKao
downregulates EGFR signaling and thereby diminish cell growth and tumorigenesis in breast

cancer cells.



Introduction:

Breast cancer is one of the most common types of cancer in women in the United States.
Despite advances in imaging and treatment, more than 40,000 women die of this disease each
year. Through extensive studies, it has been shown that breast cancer progression is caused by
deregulation of signaling pathways (1). For example, 25% of patients with breast cancer have
amplification and/or overexpression of receptor tyrosine kinase (RTK). Epidermal Growth
Factor Receptor (EGFR) belongs to the ErbB family of RTKs. Overexpression of EGFR is
frequently linked to more aggressive tumor behavior, including increased proliferation,
metastasis, and therapeutic resistance (2). In particular, breast cancer patients that contain high
EGFR expression survived poorly compared to those with little or no expression. Thus, EGFR
has been considered as an excellent target of anticancer therapy (3) (2).

Upon Ligand binding, EGFR dimerizes, autophosphorylates, and triggers a myriad of
downstream signaling, such as the activation of phosphoinositide 3 kinase-protein kinase B
(PI3K-PKB/AKT), mitogen-activated protein kinase (MAPK), Jak/the signal transducers and
activators of transcription (STAT), Rho family GTPase (VAV2), and Phospholipase C (PLCy)
(4). These signaling activities regulate cell proliferation, mobility, and differentiation in many
different cell types (5). To date, tyrosine phosphorylation of EGFR is well characterized and
most of them respond to ligand stimulation. Y845 (Tyr845) phosphorylation by c-Src is
implicated in stabilizing the activation loop, maintaining the enzyme activity and providing a
binding surface for the STAT3 (6,7). Y992 is a direct binding site for the PLCy SH2 domain,
resulting in activation of PLCy-mediated downstream signaling (8). Y1045 phosphorylation
creates a major docking site for c-Cbl, an ubiquitin E3 ligase, leads to receptor ubiquitination and
degradation. Y1068 phosphorylation recruits Grb2 (9) whereas, phospho-tyrosine 1148 and 1173
provide a docking site for SHC binding (7). Except for all these extensively studies, serine and
threonine phosphorylation of EGFR is less understood, and they often relates to negatively
regulation of EGFR (10). For example, S1046 and S1047 phosphorylation by CaM kinase II
attenuates EGFR kinase activity, and mutation of either of them upregulates EGFR tyrosine

kinase activity (11). T669 phosphorylation by P38MAP¥

(12) or Erk (13) downregulates receptor
signaling involving in cisplatin induced chemoresistance. Most recently, AKT-mediated EGFR
S229 phosphorylation is required for EGFR nuclear translocation (14).

Signal transducers and activators of transcription 3 (STAT3) is a key regulator in



response to cytokines and growth factor receptor (15). STAT3 possesses oncogenic potential and
is constitutively activated in many types of cancer including 30-60% of breast cancer (16). This
transcription factor is activated by Y705 phosphorylation, and in turn triggers its dimerization,
nuclear translocation and DNA binding. The association between EGFR and STAT3 appears
both in cytoplasm and nucleus (16), their coexpression leads to enhance the metastatic potential
of breast cancer cells (17).

IKKa is a component of the classic IKK complex, which is composed of three subunits:
two catalytic kinases (IKKa and IKKPB) and a regulatory scaffold partner (IKKy). Upon
stimulation by either TNFa or IL-1p, activated IKK o/ phosphorylates the NFkB inhibitor IkBa
and disrupts the nuclear retention of NF«B. In fact, IKKa does more than simply facilitates
IkBa degradation for NFkB activation. In the non-canonical pathway, IKKa is also known to
phosphorylate substrates to promote cell survival (18). Despite all these reports reveal the
oncogenic potentials of IKKa (19), till recently, deletion of IKKa in keratinocytes causes skin
defects in conditional knockout mice (20). For the first time, this finding suggests the role of
IKKa acts as a tumor suppressor in preventing skin cancer. Additionally, MEF cells lacking
IKKa show nuclear cyclin D1 overexpression further consolidates the tumor suppressor role of
IKKa (21). Later on, the antiproliferation activity of IKKa is found to be capable of inhibiting
TGFB signaling (22). To identify the underlying mechanism of IKKo-mediated tumor
suppression, we herein demonstrate a kinase dependent tumor suppressor function of IKKa in
breast cancer cells. Inhibition of IKKa activity through chemical inhibitor or sShRNA enhances
EGFR Y845 phosphorylation and subsequently activates its downstream target, STATS3.
Interestingly, EGFR S1026A, which failed to be phosphorylated by IKKa, showed higher
activity of EGFR pY845 and p-STAT3 compared to EGFR wild-type cells. In agree with earlier
findings, our result identify a novel molecular signaling dissecting IKKao-mediated tumor

suppressor function in breast cancer cells.

Results
IKKa inhibits EGFR signaling is kinase dependent
To understand the underlying mechanism of EGFR regulation, various inhibitors were

selected and tested their effect on EGFR tyrosine phosphorylation using an anti phospho-tyrosine



antibody (4G10) (Fig. 1A). Among all tested inhibitors, Bay 11-7082 (Calbiochem), an IKK
kinase inhibitor, unexpectedly enhance EGFR tyrosine phosphorylation in the presence of 25
ng/ml EGF treatment (Fig. 1B). To determine the tyrosine residue might respond to the EGFR
activation, six anti-phospho-tyrosine antibodies of EGFR (pTyr845, pTyr992, pTyrl068,
pTyr1086, pTyrl1148, and pTyr1173) were also examined. We found that Bay 11-7082
drastically enhances pTyr845 activation, whereas others remain virtually no activation in MDA-
MB-468 cells (Fig. 1D). We also examine the activation of EGFR downstream targets
PLCyl (pTyr783), VAV2 (pTyr172), STAT3 (pTyr705), AKT (pSer470), and ERK (pTyr204) in
the presence of Bay 11-7082 treatment. Surprisingly, inhibition of IKK results in specific
activation of EGFR Tyr845 and STAT3 Tyr705 (Fig. 1C). To exclude the off-target effect
caused by chemical inhibitors, we used siRNA to knockdown IKKa and IKKP expression.
Consistent with our earlier finding, downregulation of IKKa elevates EGFR Tyr845
phosphorylation and p-STAT3 status, supporting the notion that EGFR activity is negatively
regulated by IKKa. In addition, MEF cells with IKKa deficiency show elevated EGFR Y845
phosphorylation and STAT3 activation (Fig. S1A). Stably expressing IKKa inhibits EGFR Y845
and STAT3 status (Fig. S1B). Consistence with an earlier finding, the kinase activity IKKa is
important for EGFR activity.

IKKa binds to EGFR and inhibits EGF induced Src and EGFR interaction

Our finding that inhibition of IKK activates EGFR signaling prompted us to investigate
the mechanism by which IKK mediated downregulation of EGFR. Since the IKK complexes are
the upstream molecules responsible for the regulation of NFxB activity, we investigated whether
the regulation of EGFR by NFkB pathway via IKK complex (IKKa, IKKf, and IKKy). To do
so, HEK 293 cells were transiently transfected with EGFR together with Flag-IKKa, IKKf3, and
IKKYy. Coimmunoprecipitation (Co-IP) showed that IKKo but not IKKfB or IKKy physically
associates with EGFR (Fig. 2A). Similar results were confirmed using a reverse IP (Fig. 2B).
The specific interaction between IKKa and EGFR was also observed at endogenous level in
MDA-MB-468 cells using specific antibodies against IKKa and EGFR (Fig. S2A). To test the
direct physical interaction, an in vitro GST pull down assay was conducted and identified EGFR

preferentially interacts with IKKo N-terminal domain (Fig. 2C). In addition to their physical



interaction, cellular fractionation assay reveals that both IKKo and EGFR colocalized in the
Golgi apparatus upon EGF stimulation (Fig. S2B). To understand the underlying mechanism by
which the inhibition of IKKa results in EGFR hyperactivation, we noted that EGFR Y845 is
directly regulated by Src. We therefore tested whether IKKa affects the binding between EGFR
and Src to attenuate EGFR signaling. We found that EGF-induced EGFR/Src interaction was
transient as it peaked within a few minutes and disappeared after 1 hr of EGF stimulation.
Inhibition of IKKa using Bay 11-7082 enhances EGFR and Src physical interaction (Fig. 2D). In
addition, stably expression of IKKa in MDA-MB-468 cells suppresses Src activity by preventing
Src and EGFR association (Fig. 2E). To recapitulate EGFR and Src interaction in the real time, a
DuoLink assay was performed and examined under confocal microscopy. MDA-MB-468 cells
stained with either EGFR or Src antibody showed no signal (data not shown). Co-staining with
both EGFR and Src antibodies significantly amplified the signal of Texas red reporter (Fig. 2F,
upper panel) suggesting that they are in close proximity. Similarly, stably expressing IKKao
reduces EGFR and Src interaction (Fig. 2F, lower panel). Altogether, these results suggest that

IKKa interferes with EGFR and Src synergetic activation resulting in EGFR Y845 inactivation.

IKKa does not affect EGFR ubiquitionation and degradation

Phosphorylation of EGFR at Y1045 triggers Cbl-mediated ubiquitination and induces
EGFR ubiquitination and proteasome-dependent protein degradation (23-25). It is therefore of
interest to know whether IKKa affects EGFR signaling pathway by modulating protein turnover.
To do this, we measure EGF mediated EGFR ubiquitination in both inhibitor and knockdown
experiment. As shown in the Figure S3D, manipulating of IKKa does not influence EGFR
ubiquitination. In addition, overexpression of IKKa failed to induce EGFR ubiquitination (Fig.
S3E and S3F). Consistent with our hypothesis, IKKa specifically affects EGFR Y&845/Src
interaction but not EGFR Y 1045/Cbl mediated protein turnover.

IKKa phosphorylates EGFR at S1026

Given the physical association between IKKa and EGFR, we examined whether EGFR is
a physiological substrate of IKKa. To test this hypothesis, EGFR together with IKKa, nIKKa
(dominant negative), K144M (kinase dead) and IKK[} were overexpressed in HEK 293 cells and



subjected to IP of EGFR. We found that IKKa catalyzes EGFR serine phosphorylation using an
anti phospho-serine antibody (Fig. 3A) and treatment with Bay 11-7082 abrogates this
phosphorylation (Fig. S3A). Since IKKa/p activates one another in the transient transfection
system, we utilized an in vitro kinase assay in the following experiment. We found that the
EGFR C-terminal domain (CR, aa 978-1211) was strongly phosphorylated by IKKa, whereas
other domains (JM, aa 650-718 and KD, aa 718-978) were not (Fig. S3B and S3C). Although
S669A and S976A of EGFR complete abolishes P38 M phosphorylation (12) (Fig. S3D), they
do not affect IKKa-mediated EGFR phosphorylation. To pinpoint the IKKa-mediated EGFR
phosphorylation site, mass spectrometry analysis of in vitro kinase assay reveals that EGFR
Ser1026 is phosphorylated by IKKa (Fig. 3B). Mutation of Ser residue into Ala (S1026A) but
not other known phosphorylation sites on the EGFR-CR abolishes the phosphorylation by IKKa
(Fig. 3C), suggesting that IKKa directly phosphorylates EGFR at S1026.

Because EGFR S1026 phosphorylation remains unidentified, we noted that EGFR S1026
is highly conserved across species (Fig. 3D). To recapitulate IKKa mediated EGFR S1026
phosphorylation, we purified and analyzed the phospho-EGFR S1026 antibody. As shown in
Figure 3E, IKKa induces a nice phosphorylation of EGFR in overexpression system. Mutation
of Ser 1026 to Ala (S1026A) abolishes IKKo mediated EGFR phosphorylation. We next
examined the membrane localization of EGFR S1026 phosphorylation in MDA-MB-468 cells.
Using confocal microscopy, endogenous EGFR and p-EGFR S1026 expression shows a non-
overlapped membrane colocalization (Fig. 3F). To test S1026 phosphorylation at physiological
conditions, MEF cells were treated with RANKL at indicated time points. Ablation of IKKa
abrogates RANKL mediated EGFR S1026 phosphorylation (Fig. S3F). To identify a
physiological correlation, we investigated IKKo and p-EGFR S1026 expression in 13 human
breast cancer cell lines. A positive correlation between IKKa and p-EGFR S1026 expression
(correlation coefficient r=0.63, p<0.05) was found, suggesting that high IKKo promotes EGFR
phosphorylation in breast cancer cells (Fig. 3G).

Phosphorylation of S1026 inhibits EGFR and Src binding to attenuate EGFR signaling
The biological activity of IKKa-mediated EGFR S1026 phosphorylation was vigorously
achieved. To do this, we established EGFR stable transfectants with EV (empty vector), EGFR



wild type, EGFR DN (dominant negative, D837A), a well-known patient mutation (L858R) and
S1026A in NIH3T3, CHO and MCF7 breast cancer cell lines, in which the basal level of EGFR
is low. The functional analysis of EGFR utilizing these cells for various purposes has been well
established (26). Therefore, these cell lines served as good recipients for establishing stable
transfectants of EGFR and its variants. To create EGFR stable clones, we utilized replication
incompetent retroviruses produced from pBABE-EGFR vectors (27). Cells were then selected
using 2 pg/ul puromycin for 10 days to remove low- or non-infected cells. To rule out the
possibility that protein conformational misfolding may occur by amino acid substitution, we
analyzed the membrane association of EGFR (Fig. 4A) and their ligand binding ability (data not
shown). As shown in the Figure 4A, the distribution of membrane bound EGFR are similar in all
stable clones compared to the cells infected with empty vector, suggesting that mutation of
EGFR does not influence its cellular property. To investigate the activation of EGFR signaling,
stable transfectants were serum-starved overnight and treated with 25 ng/ml for various time
points. Indeed, EGFR WT activated a good induction of p-STAT3, p-AKT, or p-Erk in response
to EGF treatment, whereas EGFR DN failed to do so. Consistent with our hypothesis, EGFR
S1026A showed a higher activation of Tyr845 and p-STAT3 with similar degree to that of EGFR
L858R. In fact, EGFR S1026A mediated hyperactivation is specific, because p-AKT and p-Erk
status did not change compared with EGFR WT (Fig. 4B and S4A). To test the biological
behavior of EGFR S1026A, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) colorimetric assays was performed. We observed that MCF7-EGFR (S1026A) cells grow
more quickly than MCF7-EGFR (WT) cells, whereas MCF7-EGFR DN showed a reduced
growth (Fig. 4C). To test whether the fast proliferation of EGFR S1026A account for
tumorigenesis, we performed clonogenic assay and BrdU analysis to observe in vitro cell
proliferation rate using MCF7 stable cell clones (Fig. 4C and 4D). In addition, we investigated
whether EGFR S1026A could support breast cancer MCF7 cell to grow tumor in vivo using
orthotopic animal model. MCF7 stable clones expressing either EV, EGFR WT, EGFR DN, or
EGFR S1026A were injected into mammary fat pads of nude mice and tumor sizes were
measured at indicated time points. As shown in Figure 4F and 4G, EGFR S1026A stimulates
MCF7 cells to grow tumor in compare with EGFR WT. Together, our in vitro and in vivo results
support that EGFR S1026 phosphorylation plays an essential role in regulating cell growth, DNA

synthesis, and tumorigenesis.



IKKa functions as a tumor suppressor in breast cancer cells

To investigate IKKa-mediated STAT3 downregulation via EGFR, a luciferase reporter
assay was performed. We found a STAT3 reporter, Lye6-Luc, responds to STAT3 CA
(constitutive activate)-induced stimulation in HeLa cells, whereas overexpression of STAT3 DN
fails to do so (data not shown). Moreover, co-expression of IKKa, but not IKK[p or
IKKY, significantly reduces STAT3 CA mediated reporter activity (Fig. 5SA). Similar experiment
were performed in HeLa-shCTRL and HeLa-shEGFR cells, we found that IKKo mediated
STATS3 repression requires EGFR (Fig. 5B). To identify the potential STAT3 downstream target
that regulated by IKKa, we examine gene expression profile of IKKa (NCBI gene ID: Chuk)
using public data set generated from 917 cancer cell line (CCLE) (28). We compared the
expression profile of IKKa and 60 STAT3 downstream targets in breast cancer cells (29).
Among then, 12 genes show negatively correlated with IKKo expression using CCLE.
nonsupervised hierarchical clustering analysis was performed based on Erbb2, ERa (ESR1), PR
(PgR) and EMT profile. Strikingly, the gene list was able to distinguish basal-like from luminal
type breast cancer cells with high accuracy (90% properly segregated) (Fig. 5C). To pinpoint the
exact STAT3 downstream being regulated by IKKo/EGFR signaling, the 12 genes expression
profile was determined in EGFR stable clone and IKKo MEF cells by real-time PCR.
Interestingly CCL2 was significantly increased in both EGFR S1026A cells and IKKa -/- cells.
These results indicate that CCL2 is the specific STAT3 target downregulated by IKKa through
EGFR.

We next asked if clinical distinct group of patient samples also shared the differential
expression pattern of IKKa. First, we analyzed IKKa genes expression from Netherlands Cancer
Institute (NKI) data set, n=295 (30). To do this, patients in the NKI cohort were first
dichotomized according to expression levels of IKKa. As expected, two groups of breast cancer
patients showed a significant difference in recurrence-free survival (RFS; Figure 5D). When the
patients were dichotomized according to expression level of IKKao, RFSs of patients with higher
expression of IKKo were significantly better than that of those with lower expression of IKKa

(Fig. 5D and SE).



IKKa-mediated STAT3 activation requires EGFR

Consistently, IKKa deficient MEF cells specifically upregulated EGF-induced Tyr 845
phosphorylation and p-STATS3 status (Fig. 6A). In addition, stably overexpression of IKKa KD
(Kinase dead) and IKKoa CA (constitutive activated) in MDA-MB-468 cells showed lower
EGFR p-Y845 and p-STATS3 status (Fig. 6B). These results indicate that IKKa inhibits EGFR
activity by suppressing EGFR Y845 phosphorylation and STAT3 activity. To investigate IKKa
mediated STAT3 downregulation via EGFR, we use a luciferase reporter construct, Lye6-Luc in
responded to STAT3 CA stimulation in HeLa cells (Fig. 3C). In contrast, overexpression of
STAT3 DN fails to do so (data now shown). Moreover, co-expression of IKKa, but not IKK[3 or
IKKY, significantly reduces STAT3 mediated reporter activity. Similar experiment were

performed in HeLa- shCTRL and HeLa-shEGFR cells,

Discussion
To date, both EGFR and HER2 have been targeted for the development of anti-cancer
therapies and many anti-EGFR/HER?2 therapies and have proven with promising pre-clinical and
clinical outcomes compare to conventional therapy. So far, however, drugs aimed at directly
inhibiting EGFR/HER?2 activity have met with their limitations in the cancer clinic. For example,
the somatic mutations of EGFR have been identified with more or less sensitivity to
gefitinib/erlotinib in non-small cell lung cancer (NSCLC) patients (31,32). A review of 3016
cases from the literature indicated that EGFR mutations are associated with gender, races, non-
smokers, and histological subtypes (33), which improves pharmacogenetics selection of more
appropriate therapies in NSCLC patients. In this regard, identifying the molecular mechanism
and post-translational regulation of EGFR may add a novel therapeutic impact to improve anti-
EGFR therapeutic efficacy in the clinic use. Given the malignant nature of EGFR overexpression
in breast cancer remains elusive and drug resistance remains a major challenge for cancer
therapy, the current study is aimed at elucidating new regulatory mechanism of EGFR in breast
cancer malignancy.
Unlike the tyrosine phosphorylation and ubiquitination (34), neddylation (35), methylation
(26), acetylation (36) (37) and serine/threonine phosphorylation (19) of EGFR are much less
characterized and their molecular functions remain largely unknown. To date, several studies

indicated EGFR serine/threonine phosphorylation suppresses its functionality (13) (14).
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Overexpression of TAKI1 inhibits EGFR tyrosine phosphorylation (14). Mutation of EGFR
phospho-serine residue elevates its EGFR tyrosine phosphorylation (13). In this study, we report
a novel serine phosphorylation of EGFR and its upstream kinase. Similar to most serine
phosphorylation, S1026 phosphorylation also plays a negative role in EGFR signaling. Since
EGFR Ser1026 phosphorylation occurs both in vitro and in vivo (Fig. 3), no specific functional
analysis has yet been addressed. Given the inhibitory nature of EGFR remains unknown,
characterization of this novel post-translational modification on EGFR would likely benefit the
field of cancer biology.

The phosphorylated EGFR provides docking sites for binding downstream adaptor
proteins and thereafter activates several downstream signaling pathways. Several
autophosphorylation tyrosine residues in the intracellular domain of EGFR such as Y992, 1068,
1086, and 1173 have been well characterized. They provide docking sites for adaptor proteins
such as Shc, Grb2, or Gab to activate PI3K/Akt and Ras/MAPK signaling pathways (38)(1,9,10).
On the other hand, Src-induced transphosphorylation of Y845 on EGFR provides docking site to
recruit Stat3/5 and subsequently activated STAT3 and/or STATS through the formation of homo-
or hetero-dimers. The dimerized STAT3 or STATS5 translocates into the nucleus, binds to its
cogent DNA to regulate cell proliferation, differentiation, cell cycle, and migration. Thus far,
several tumor suppressors are known to inhibit cell growth by inhibiting EGFR and Src
interaction. For example, Csk-binding protein (CBP) inhibits cellular transformation by
interfering EGFR/Src activation (39). ... Similarly, IKKa affect protein location confirmation by
interfering EGFR/Src interaction. This result further explains the inhibition of IKKa elevates
Y845 and STAT3.

The link between inflammation and tumor progression has been suspected for about two
hundred years, and accumulating evidence supports a tumor-promoting role of inflammation.
The proinflammatory cytokines and chemokines produced in the tumor microenvironment, such
as TNFa, IL-1, IL-6, and IL-8, enhance cell proliferation, cell survival, cell migration, and tumor
angiogenesis, thereby promoting tumor development (40). For example, we have previous shown
that IKKB-induced TSC1 phosphorylation inhibits its association with GTPase-activating protein
(TSC2), alters mTOR activity, allows VEGF-A expression, and promotes tumorigenesis (10).
IKKa also phosphorylates CBP to changes its binding affinity from P53 to NF«xB (41). Recently,

we found IKKa phosphorylates FOXA2. Despite these results all indicate tumor-promoting
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function of IKKa. However, a recent study show that deletion of IKKa in keratinocytes cause
skin defects in a conditional knockout mice, suggesting that the tumor suppressor activity of
IKKa in preventing skin cancer (20). Consistent with this observation, this study identify a novel
molecular mechanism to link inflammation to breast cancer regression. First, we prove the
IKKa-mediated tumor suppression is kinase dependent. Inhibition of IKK kinase activity
enhances EGFR signaling. Secondly, we identify a novel serine phosphorylation of EGFR.
Given the serine/threonine phosphorylation negatively regulates EGFR’s activity (13) (14), we
herein provide another rationale for IKKa mediated EGFR suppression. Thirdly, IKKa inhibits
Src mediated EGFR Y845 phosphorylation. Lastly, IKKo expression in CCLE dataset shows
negative correlation with TNBC phenotype suggesting that IKKa is negatively correlated with
STAT3 downstream target. Altogether, we found a major inflammation regulator, IKKa, inhibits
EGFR activity through a novel signaling pathway in breast cancer cells. IKKa binds to and
phosphorylated EGFR at S1026. Inhibits of IKK activity led to hyperphosphorylation of EGFR
Y845 and STAT3 Y705. Consistent with an earlier finding that IKKo serves as a tumor
suppressor (20), our study provides novel mechanistic insight of IKKa mediated EGFR

suppression.

Experimental Procedures

Plasmids. pPCMV5-HA-IKKa WT, IKKa SSEE, IKKa KA and pcDNA6-EGFR were described
previously (26) (10). pPBABE-EGFR WT, DN, and L858R were purchased from Addgene (27).
EGFR S1026A were generated with using a Quick Change site-directed mutagenesis Kkit
(Stratagene, La Jolla, CA). pCMV-Flag-IKK3, pCMV-Flag-IKKy, pCMV-Flag-IKKe and the
STAT3-luciferase reporter were described previously (42). All constructs were confirmed by

enzyme digestion and DNA sequencing. Detailed information is available upon request.

Coimmunoprecipitation and Western blot- Co-immunoprecipitation was conducted according to
the standard procedure using protein A-agarose beads (Santa Cruz, Delaware, CA). The cells
were lysed in cell lysis buffer (0.4 M NaCl, 0.2 mM EGTA, 10 % glycerol, 0.5 % Nonidet P-40,
I mM DTT and 1x protease inhibitor), and cell extracts were pre-cleared by incubating with

protein A-agarose beads for 1 h at room temperature. A total of 1mg of cell lysates was used for
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immunoprecipitation with 1pug of corresponding antibody. The bound proteins were resolved on

SDS-polyacrylamide gel and Western blot was performed as described in (10).

Flow cytometry. 1x105 MCEF7 cells or stable clones were incubated with either FITC-labeled
EGF or FITC-labeled antibody against EGFR for 5 min or 30 min, respectively. The cells were
then fixed with pre-cold methanol and analyzed by flow cytometry at MD Anderson Core

Facilities.

Tumorigenesis assay. Orthotropic breast cancer mouse model analyzing tumorigenesis was
conducted as previous described (26). A total of 80 mice carrying MCF7-EV, MCF7-EGFR,
EGFR DN and EGFR S1026A were established via mammary fat pad injection to measure the

impact of cell proliferation in vivo.
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Figure and legends

Figure 1. Inhibition of IKK activity enhances EGFR signaling

(A) Inhibition of IKK elevates EGFR tyrosine phosphorylation. MDA-MB-468 cells were
pretreated with Bay 11-7082 and LY294002 for 45 mins. Total tyrosine phosphorylation of
EGFR was IP and examined using anti-Tyrosine phosphorylation antibody (4G10). (B)

Inhibition of IKK enhances EGFR signaling. Similar experiment procedure was performed in
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MDA-MB-468 cells with various protein kinase inhibitors. As indicated, inhibition of IKK
activity enhances EGFR tyrosine phosphorylation. (C) Inhibition of IKK activates EGFR
Tyr845/p-STAT3 signaling axis. MDA-MB-468 cells were pretreated with BAY 11-7082 prior
to 30 ng/ul EGF treatments for various time points. EGFR tyrosine phosphorylation and its
downstream targets expression were examined. (D) Downregulation of IKKa activates EGFR

Tyr845/p-STAT3 signaling axis. (E) Overexpression of IKKa inhibits EGFR signaling.

Figure 2. IKKa interacts with EGFR abrogates EGFR/Src interaction

(A) IKKa specifically interacts with EGFR. HEK 293 cells were transiently transfected with
indicated plasmids. IP (A) and reverse IP (B) were performed using anti-EGFR or anti-Flag
antibodies. Protein interaction was determined by western blot. (C) EGFR preferentially interacts
with IKKa at its N-terminal region. Two fragments of IKKa and IKKP were fused with GST
and purified from E.coli BL21 cells. **S-methioine labeled EGFR was incubated with GST
proteins and subject to pull down analysis. (D) Inhibition of IKKoa enhances EGF-induced
EGFR-Src association. MDA-MB-468 cells were pretreated with Bay 11-7082. EGFR and Src
interaction were analyzed using IP and Western blot. (E) IKKa interferes EGF induced EGFR-
Src association. MDA-MB-468 cells stably expressing empty vector (pBABE) or IKKa were
subject for IP/Western analysis. (F) Dual link analysis showing IKKa inhibits EGFR/Src

interaction. Arrow indicated the foci formation.

Figure 3. IKKa phosphorylates EGFR at S1026 in vitro and in vivo

(A) IKKa phosphorylates EGFR in cells. HEK 293T cells with indicated plasmids were
immunoprecipitated with monoclonal anti-EGFR antibody. Approximately 5% of the cell extract
used from each immunoprecipitation reaction was served as input. The total amount of
immunoprecipitates (IP) was analyzed by Western blot with anti-phospho Ser/Thr antibodies to
detect the in vivo phosphorylation. (B) Identification of Ser 1026 phosphorylation in vitro by
Mass spectrometry. (C) Mutation of EGFR Ser 1026 to Ala abolishes IKKa mediated EGFR
phosphorylation. In vitro kinase asssy was performed using recombinant IKKa and GST-EGFR
variants. (D) Conservation of EGFR S1026 among different species. Amino acid sequence

alignment of EGFR among different species. (E) IKKa phosphorylates EGFR at S1026. HEK
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293 cells were transfected with indicated plasmids. EGFR was immunoprecipitated and western
blotted with p-EGFR S1026 antibody. (F) Membrane non-overlapped localization of EGFR and
pS1026. MDA-MB-468 cells were fixed and subject to immunofluorescence staining using
mouse anti-EGFR (AB13) and rabbit anti-p-EGFR S1026 antibody. (G)

Figure 4. EGFR S0126A exhibits hyperactivation in p-EGFR Y845 and p-STATS3.

(A) NIH3T3 stable clones carry various EGFR variants were subjected to FACS analysis to
identified their membrane EGFR localization. As wild type NIH3T3 cells harbor low EGFR
expression, the EGFR variants stable clones showed similar expression and localization. (B)
EGFR S1026A shows hyperactivation of p-EGFR Y845 and p-STAT3 Y705. EGFR stable clone
were serum starved for overnight and treated with 30 ng/ul EGF for indicated time points and
analyzed by western blot. (C) EGFR S1026A induces higher DNA synthesis rate. MCF7 stable
transfectants were seeded in 6-well culture plates and cultured to reach 90% confluence. The
cells then were serum-starved and treated with Bromodeoxyuridine (BrdU) for 18 hr prior to
assay. (D) Colongenic assay showing EGFR S1026A bears higher tumorigenesis ability. (E)
MCF7 stable clone cells were inoculated into mammary fat pads of nude mice. The tumor size

was measured and statistically analyzed by student’s t-Test in (F).

Figure 5. IKKa negative regulated EGFR signaling

(A) IKKa inhibits STAT3 transcriptional activity. HEK-293 cells were transfected with the lye6-
Luc together with indicated plasmids. The luciferase activity was measured and normalized
according to Renilla luciferase activity. (B) EGFR is required for IKKo mediated STAT3
inhibition. (C) Heat map generated using 56 breast cell lines from the CCLE panel showing the
levels of expression of IKKa (chuk) and STAT3 downstream targets. (D) Real time PCR
showing S1026A induced STAT3 target gene expression. (E) Kaplan-Meier overall survival

curves of IKKa in breast cancer patient data set.
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SUMMARY

Epithelial-to-mesenchyme transition (EMT) is an essential physiological process that
promotes cancer cell migration, invasion, and metastasis. Several lines of evidence from both
cellular and genetic studies suggest that AKT1/PKBa, but not AKT2 or AKT3, serves as a
negative regulator of EMT and breast cancer metastasis. However, the underlying mechanism by
which AKT1 suppresses EMT remains poorly defined. Here, we demonstrate that Twistl
phosphorylated by AKT1 is required for B-TrCP-mediated Twistl ubiquitination and
degradation. The clinically used AKT inhibitor MK-2206, which possesses higher specificity
toward AKT1, stabilizes Twist]l and enhances EMT in breast cancer cells. This adverse effect can
be overcome by combination therapy of MK-2206 and resveratrol to induce B-TrCP-mediated

Twist] degradation.



SIGNIFICANCE

The allosteric AKT inhibitor MK-2206 has been studied in multiple clinical trials either as a
single agent or in combination with other chemotherapeutics for cancer treatment including
breast cancer. Here, we show that AKTI1 negatively regulates EMT phenotype by
phosphorylating Twistl, a key EMT regulator. However, B-TrCP-mediated degradation of Twistl
combined with MK-2206 treatment also enhances EMT, raising a concern that AKT inhibitor
may accelerate metastasis as an anti-cancer agent. We also discovered that resveratrol, a naturally
occurring compound, induces B-TrCP to attenuate MK-2206-mediated EMT in breast cancer
cells. Given that resveratrol counteracts the unexpected increase in the metastatic potential by
anti-AKT therapy, our studies suggest that the addition of resveratrol to anti-AKT therapy may

provide extra benefit.



INTRODUCTION

The AKT/PKB protein kinase family, consisting of AKT1/PKBa, AKT2/PKBf, and
AKT3/PKBy that are highly conserved cellular homologues with 80% sequence identity, plays
critical roles in regulating cell growth, proliferation, and survival, among many other cellular
events (Datta et al., 1999). Amplification, overexpression, and somatic mutations of AKT and its
upstream regulator phosphatidylinositol-3 kinase (PI3K) as well as deletion or inactive mutations
of PTEN have been found in various human cancer types. Because activation of AKT signaling
is believed to promote tumorigenesis (Manning and Cantley, 2007), multiple drugs targeting the
PI3K/AKT pathway have been tested as anti-cancer drugs in clinical trials (Lindsley, 2010).

Structurally, all members of the AKT family share a common domain organization that
consists of a variable N-terminal pleckstrin homology domain and a short alpha-helical linker
region, followed by a central kinase domain and a C-terminal hydrophobic regulatory region
(Yang et al., 2002) (Huang et al., 2003). The kinase domain is responsible for the oncogenic
activity of AKT via direct interaction with and phosphorylation of its downstream targets. It is
known that AKT phosphorylates substrates at a serine or threonine residue in a conserved
RxRxxS/T motif characterized by arginine at positions -5 and -3 (Alessi et al., 1996). Through
protein phosphorylation, AKT has been shown to either positively or negatively regulate
substrate activity, alter subcellular localization, or affect protein stability (Manning and Cantley,
2007). While a number of AKT substrates, including GSK-3f3 (Cross et al., 1995), MDM2 (Zhou
et al., 2001), p21 (Zhou et al., 2001), and EZH2 (Cha et al., 2005) have been well characterized,
others remain to be discovered.

AKT family members have long been thought to promote tumor initiation and cell

progression and are considered excellent targets for anti-cancer therapy. However, emerging



evidence suggests a negative role of AKT1 in navigating tumor metastasis in breast cancer cells
(Dillon and Muller, 2010). For instance, siRNA knockdown of AKT1 but not AKT2 in insulin-
like growth factor-1 (IGF-1)-stimulated cells promotes epithelial-to-mesenchyme transition
(EMT) and cell migration (Irie et al., 2005). In addition, overexpression of AKT1 in breast
cancer cells blocks cell motility and invasion (Irie et al., 2005) (Yoeli-Lerner et al., 2005). Most
recently, downregulation of AKT1 in MCF 10A cells was shown to decrease miR-200
abundance, thereby promoting transforming growth factor-B-induced EMT and stem cell-like
phenotype (Iliopoulos et al., 2009). Additionally, in AKT1” and ErbB2 transgenic mice, AKT]I
inhibited tumor invasion and metastasis but accelerated mammary tumorigenesis (Hutchinson et
al., 2004).

The nonredundant mechanism by which AKT1 but not AKT2 inhibits metastasis remains
largely unknown even though many of the physiological consequences have been unraveled.
Thus far, AKT1 has been shown to activate the MDM2-mediated ubiquitination and degradation
of nuclear factor of activated T-cells (NFAT1), which inhibits breast cancer cells migration and
invasion (Yoeli-Lerner et al., 2005). Phosphorylation and degradation of targeting tumor
suppressor tuberous sclerosis complex 2 (TSC2) by AKT]1 reduces breast cancer cell motility and
invasion (Liu et al., 2006). Moreover, AKT1 but not AKT2 specifically phosphorylates palladin,
an actin-bundling protein, to block breast cancer cell migration (Chin and Toker, 2010). These
results provide some mechanistic insight into how AKT1 negatively regulates the metastatic
activity of breast cancer cells.

EMT, a complex reprogramming process of epithelial cells, plays an indispensable role in
tumor invasion and metastasis (Thiery, 2002). The well-defined features of EMT include the loss

of epithelial markers (E-cadherin and a- and y-catenin), the gain of mesenchymal cell markers



(fibronectin, vimentin, and N-cadherin), and the acquisition of migratory and invasive properties
(Thiery, 2002) (Huber et al., 2005). To date, several transcriptional repressors, such as Zeb-1/2,
Twistl, and Snail-1/2, are known to be involved in EMT regulation. Once activated, these
transcription factors recruit histone deacetylases to the E-box elements of the E-cadherin
promoter and suppress E-cadherin expression, resulting in the loss of cell adhesion ability
(Peinado et al., 2007). Twistl, a highly conserved basic helix-loop-helix (bHLH) transcriptional
repressor, induces EMT to facilitate breast tumor metastasis (Yang et al., 2004). Despite frequent
reports of Twistl transcriptional regulation involving EGFR/STAT3 (Lo et al., 2007) (Cheng et
al., 2008) and NF«xB signaling (Li et al., 2012), the posttranslational regulation of Twistl
remains less understood.

To improve our understanding of AKT1-mediated EMT repression, we cross-analyzed gene
expression profile of AKT isoforms using several public datasets. We observed that low
expression of AKT1 was highly associated with aggressive breast cancers and poor disease
outcome. Unlike AKT2, AKT1 specifically interacted with and phosphorylated Twistl at three
serine/threonine sites, and mutation of these AKT1 phosphorylation sites of Twistl so they can
no longer be phosphorylated, induced strong EMT potential. Moreover, AKT1 also induced a
phosphorylation-dependent ubiquitination and degradation of Twistl, engaging the proteasome
to Twistl-mediated EMT regulation. Importantly, chronic exposure to anti-AKT inhibitor (MK-
2206) induced Twist] stabilization and EMT in breast cancer cells. Administration of resveratrol,
a B-TrCP inducer reduced shAKT1-mediated metastatic potential. Our findings not only establish
a molecular interpretation of the role of AKT1 in EMT inhibition but also identify the potential

adverse effect utilizing anti-AKT inhibitor for breast cancer treatment.



RESULTS
Pathological expression of AKT isoforms in breast cancer cells

Activation of AKT has been shown to correlate with unfavorable clinical prognosis in many
cancers including breast cancer. However, due to the lack of isoform specific phospho-AKT
antibody, the roles of AKT isoforms in the pathogenesis of breast cancer or their therapeutic
potential have not been established. To address these issues, we examined gene expression
profile of AKT isoforms using public dataset generated from 917 cancer cell lines (CCLE)
(Barretina et al., 2012). We first categorized them into epithelial and mesenchymal subtype based
on the gene expression profile of CDH1, CDH2, vimentin, and fibronectin. While AKT2 mRNA
levels remain unchanged, AKT1 showed significant downregulation in breast cancer and
stomach cancer cells in the mesenchymal subtype (Figure S1A). AKT3 was upregulated in
multiple cancers (Figure SI1B). To further dissect the expression of AKT isoforms in breast
cancer cell lines, unsupervised hierarchical clustering analysis was performed based on the
ErbB2, ERa (ESRI), PR (PgR), and EMT profiles. Strikingly, we were able to distinguish basal-
like from luminal type breast cancer cells with high accuracy (90% properly segregated) from the
gene list (Figure 1A) based on their genetic characteristics. We further found that AKT1 was
expressed at a lower level in either aggressive basal-like (vs. luminal) or mesenchymal-type
breast cancer cells (vs. epithelial-type) (Figure 1B, middle and right) whereas AKT3 was
expressed at a significantly higher level. A similar observation was made when we analyzed
another breast cancer dataset containing 54 cell lines (Neve et al., 2006): basal-like or
mesenchymal breast cancer cells showed positive correlation with higher expressions of AKT3
whereas the expression of AKT1 showed an inverse correlation (Figures S1C and S1D). Next,

we asked whether the clinical distinct group of patient samples also share the differential



expression pattern of AKT isoforms and found similar correlation using the Netherlands Cancer
Institute (NKI) dataset (van de Vijver et al., 2002) (Figure 1C) and the University of North
Carolina (UNC) cohort (Hu et al., 2006; Oh et al., 2006; Parker et al., 2009) (Figure 1D). While
co-expression of AKT1, AKT2 and AKT3 showed no correlation with any breast cancer subtypes
(Figure 1C and 1D, left panel), the negative correlation between AKT1 and aggressive phenotype
remains significant (Figures 1C and 1D, middle and right). To consolidate the differential
regulation between the AKT isoforms, we transiently expressed each myr-AKT isoform and
found that myr-AKT1 had similar kinase activity with myr-AKT2 (Figure S1E) but only myr-
AKTI1 activated E-cadherin reporter robustly (Figure 1E). Consistently, overexpression myr-
AKT1 but not myr-AKT2 or myr-AKT3 in MDA-MB-231 cells recapitulated the association of
AKT isoforms and EMT regulation (Figure 1F). To further investigate our findings at the protein
level, we examined the expression of AKT isoforms in the metastatic breast cancer cohort (MD
Anderson Cancer Center) using immunohistochemical (IHC) staining. While the recurrence-free
survival (RFS) of patients with higher expression of p-AKT S473, which represents the
phosphorylation level of all three AKT1, 2 and 3 isoforms, was significantly worse than patients
with lower expression, and this was consistent with most literatures (Figure 1G). Interestingly,
the expression of total AKT1 correlated with better patient survival (Figure 1H). The results from
these analyses indicate that each of the three AKT isoforms has a distinct pathological profile

that is highly relevant to its functionality.

Twistl physically associates with AKT1
Given the distinct regulatory nature of AKT isoform in breast cancer cells, we sought to

distinguish their functionality through identifying their specific interacting partners. To test this,



HA-myr-AKT1 and HA-myr-AKT2 were stably expressed in MDA-MB-231 cells. The
associated protein complexes were then immunoprecipitated and separated on the SDS-PAGE.
As shown in Figure S2A, AKT1 but not AKT2 pulled down a significant amount of a protein
appearing at 20 kDa. Mass spectrometry analysis further identified Twistl as AKT1-specific
interacting partner (with 72% sequence coverage). To confirm their interaction at the endogenous
level, co-immunoprecipitation analysis (Co-IP) was conducted using MDA-MB-435 cells in
which Twistl is highly expressed. As expected, endogenous AKT1 interacted with endogenous
Twistl (Figures S2B and S2C). To examine whether they interact by a direct physical contact, an
in vitro GST pull-down assay was performed. Consistently, we found that Twistl interacted
directly with GST-AKT1 but not with GST-AKT2 or GST alone in vitro (Figure S2D). Together,
these results identify a strong physical interaction between AKT1 and Twistl. Although AKT2
did not show strong interaction with Twistl, these results does not exclude the “hit and run”
mechanism for AKT2-mediated Twist] phosphorylation.

Because the inhibitory nature of AKT1 in the EMT, we asked whether AKT1 represses EMT
via the regulation of EMT mediators, such as Twistl, FOXC2, E12, and Snail. To do this, we
transiently transfected HEK-293T cells with HA-myr-AKT1 together with Flag-Twistl, Flag-
Snail, Flag-FOXC2, or Flag-E12 and investigated the interactions between AKT1 and these EMT
mediators. Co-IP analysis revealed that AKT1 associated with Twistl but not with the other EMT
mediators (Figure S2E). Similar results were also obtained in a reverse IP experiment, which
showed that AKT1 but not GSK3p, IKKa, or IKKf, interacted with Twistl (Figure S3A).
Altogether, these results indicate AKT1 interacts with Twist]l and raise an interesting possibility
that AKT1-mediated EMT repression maybe regulated through the physical and functional

interaction with Twistl.



AKT1 phosphorylates Twistl in vitro

Since AKT1 interacts directly with Twistl, we next examined whether Twistl is a physical
substrate of AKT1. Twistl contains two potential AKT phosphorylation motifs (S42 and
T121/S123), and these motifs are highly conserved across species (Figure 2A and S3B);
therefore, we asked which of these two motifs might be phosphorylated by AKT1. To do so,
GST-Twistl was expressed in two separate fragments: one containing amino acids 1-112 and the
other 113-202 (Figure 2B). We then tested them for phosphorylation by AKT1 using an in vitro
kinase assay. Both GST-Twistl fragments were strongly phosphorylated by AKT1 (Figure 2C);
however, site-directed mutation of each consensus motif on the Twistl fragments completely
abolished their phosphorylation. To pinpoint the phosphorylation potential in context of full-
length Twistl, GST-Twistl S42A (S42A), VA (T121V/S123A) and AVA (S42A/T121V/S123A)
mutants were generated and tested for phosphorylation using an in vitro kinase assay. We found
that substitutions in both AKT phosphorylation motifs (Twistl AVA) eliminated AKT1-mediated
phosphorylation entirely (Figure 2D). In contrast, substitutions in one or the other motif (S42A or
T121V/S123A) had little or no effect on the phosphorylation level (Figure 2D). Thus, these
results suggest that the three amino acid residues spanning these two AKT phosphorylation
motifs in Twistl (S42, and T121/S123) are required for complete phosphorylation by AKT1 in

vitro.

AKT1 phosphorylates Twistl in vivo

To recapitulate AKT1-mediated Twistl phosphorylation in vivo, Flag-Twist] together with

HA-tagged wild-type AKTI (WT), dominant negative AKTI (DN), or myr-AKT1 (a

10



constitutively active form of AKT1) were coexpressed in HEK-293T cells. The cell lysates were
then subjected to IP with anti-Flag antibody. Phosphorylation of Twistl was detected using
phospho-AKT substrate antibody and phospho-RxRxxS/T antibody. Twistl was highly
phosphorylated in the presence of myr-AKT1 but not in the presence of AKT1 DN (Figures
S3C). Similar to the observations in vitro (Figure 2D), mutation of either S42 alone or both
T121/S123 in Twistl did not affect its overall level of phosphorylation by AKTI1, whereas
mutation of all three sites completely abrogated phosphorylation (Figure 2E). Since protein
phosphorylation sometimes results in a mobility shift in SDS-PAGE, we used a phospho-tag to
capture phospho-residue during protein migration. We found that myr-AKT1 induced a
noticeable mobility shift in Twistl but not Snail in the absence of A-phosphatase. In contrast,
mutation of all three sites (Twist]1-AVA) completely abolished AKT1-induced slow migration of
Twistl (Figure 2F). Consistent to the AKT1 interacting with Twistl among the EMT regulators
(Figure S2E), AKT1 specifically catalyzed Twistl phosphorylation (Figure S3D). In addition, we
found AKT1 and AKT2 governed Twistl functionality though differential phosphorylation
capability such that AKT2 primarily phosphorylates Twist] at S42 based on in vitro kinase assay,
which is consistent to a previous study by Vichalkovski et al.(Vichalkovski et al., 2010) (Figure
S3E) while AKT1 phosphorylated Twistl at all three sites (Figure 2F) both in vitro and in vivo
(Figure 2D, 2E and 2F).

To further investigate whether AKTI-mediated Twistl phosphorylation is PI3K/AKT
dependent, we pretreated cells with IGF-1 with or without an AKT inhibitor, MK-2206. Indeed,
MK-2206 inhibited IGF-1-induced phosphorylation of Twistl, suggesting that Twistl
phosphorylation is regulated by PI3K signaling cascade (Figure 2G). Although an earlier study

showed Twistl S123 could be phosphorylated by PKA (Vichalkovski et al., 2010), we sought to
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determine whether AKT1 also facilitates phosphorylation of this particular residue in vivo. To do
so, we transiently transfected HeLa cells with HA-Twistl and myr-AKT1. Phosphorylated
Twistl was then subjected to IP and mass spectrometry. In addition to the previously identified
S42 phosphorylation site (data not shown) (Vichalkovski et al., 2010), we successfully identified
a novel S123 phosphorylation in vivo (Figure S3F). Endogenous Twistl phosphorylation by total
AKT was also detected in various cancer cell lines (Figure S3G) using a phospho-RXRXXS/T
substrate antibody. Collectively, our results suggest that all three residues spanning both AKT
motifs are responsible for Twist]l phosphorylation, and mutation of all three is required to abolish
phosphorylation by AKT1. To understand AKT1/2-mediated Twistl phosphorylation, we re-
expressed AKT1 or AKT2 silence mutant that encodes a WT protein in the AKTI1/2/3
knockdown cells. To do so, AKT1, AKT2, and AKT3 were specifically knocked down in MDA-
MB-231 cells using pGZIP vector (Figure S3H). AKT1 WT, AKT1 KD, AKT2 WT, and AKT2
KD were then overexpressed using the same shRNA backbone under CMV promoter (Figure
S31). Cells that re-expressed AKT1 had Twistl S42, T121 and S123 phosphorylation, whereas

those re-expressing AKT2 only had Twist1l phosphorylation at S42 (Figure S3J).

Phosphorylation by AKT1 is required for Twistl degradation

Since AKT1 phosphorylates Twistl, we asked how AKT]1 affects Twistl expression. We
noticed that the expression level of Twistl was higher in AKT1-deficient MEFs compared with
WT MEFs (Figure 3A), and ectopic expression of AKT1 but not AKT2 downregulated Twistl
expression in the HeLa cells stably expressing myr-AKT1 and AKT2, even though activation of
both AKT1 and AKT2 were appropriately regulated by phosphorylation of GSK3p (Figure 3B).

Downregulation of AKT1 but not AKT2 by shRNA also upregulated Twistl expression (Figure

12



3C, right). Consistent with an earlier study (Iliopoulos et al., 2009), silencing AKT1 but not
AKT2 expression induced EMT phenotypic change in MCF 10A cells (Figure 3C, left).
Together, these results suggest that AKT1 but not AKT2 activation negatively regulates Twistl
expression (Figure 3C).

Next, we measured the protein turnover rate in the presence of cycloheximide to determine
the effect of AKT1-mediated phosphorylation on Twistl protein stability. The turnover rate of
Twistl in myr-AKT1 expressing cells was much more rapidly compared with those in myr-
AKT?2 expressing or empty vector control cells (Figure 3D). We further examined the protein
half-life of Twistl and its three phospho-deficient variants (S42A, VA, and AVA) and found that
the half-life of Twistl AVA was significantly longer compared to that of Twistl WT and Twistl
DDD phosphorylation-mimic mutant in the presence of myr-AKT1 (Figure 3E). These results
suggest that AKT1-repressed Twistl expression is likely mediated through phosphorylation of
Twistl by AKTI.

The reduced half-life of Twistl by AKTI-mediated phosphorylation prompted us to ask
whether it is accompanied by 26S proteasome-mediated degradation. Indeed, treatment of
MG132 stabilized Twistl expression in the multiple cell lines (Figure S4A), supporting the
notion. Since one hallmark of protein degradation is the conjugation of polyubiquitin chain(s),
we next asked whether AKTI regulates Twistl via ubiquitination. HEK-293T cells were
transiently transfected with HA-Twistl WT or mutants together with His-Ub or His-Ub plus
myr-AKT1. Ubiquitinated Twist] was then pulled down by Ni*" agarose beads under intense
denaturing conditions and subjected to Western blot analysis. Twistl was reported to have
notable basal ubiquitination (Demontis et al., 2006) (Brunet et al., 1999), coexpression of myr-

AKT1 but not myr-AKT2 or myr-AKT3 stimulated ubiquitination of Twistl (Figure S4B).
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Interestingly, AKT1-induced Twist] ubiquitination was abolished in the AVA mutant, suggesting
that AKT1-mediated Twistl phosphorylation is required for Twistl ubiquitination. We showed
that IGF-1 induced Twistl downregulation was abrogated by AKT1 but not AKT2 suppression
(Figure 3F). In addition, a negative correlation between AKT1 and Twistl expression was found
in 13 human breast cancer cell lines, suggesting that high AKT1 expression promotes Twistl
destabilization (Figures 3G and S4C). These results suggest that AKTI-mediated Twistl
phosphorylation induces Twistl polyubiquitination and degradation via the 26S proteasome

machinery.

AKT1 modulates B-TrCP-mediated Twistl degradation

To further investigate how Twistl is degraded, it is of interest to identify the ubiquitin E3
ligase that regulates Twistl stability. To this end, we noted that Twistl contains one B-TrCP
destruction box, DSWXXS, which is also present in B-catenin, IkB, and Snail (Figure 4A)
(Guardavaccaro et al., 2003; Margottin-Goguet et al., 2003). Overexpression of B-TrCP induced
a rapid degradation of Twistl (Figure S5A) and mutation of this motif (DSLSNS to DALSNA)
(Figures 4B) or knockdown of B-TrCP (Figures S5B) stabilized Twistl expression. Similar to
many B-TrCP substrates, induction of B-TrCP expression in MDA-MB-468 (Figure 4C) and
HelLa cells (Figure S5C) by ciglitazone (CG), troglitazone (TG), or resveratrol (Wei et al., 2009;
Wei et al., 2007) reduced Twistl expression, supporting that B-TrCP upregulation mediates
Twistl degradation. Because B-TrCP mainly regulates cell cycle S phase entry (Busino et al.,
2003), we asked whether Twist]l expression is regulated during cell cycle progression. Using a
double thymidine (Figure 4D, quantitation of S5D) and thymidine/nocodazole assay (Figure

S5E), we found that Twistl protein but not mRNA was degraded during S to G2/M phase. In
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addition, downregulation of B-TrCP expression stabilized Twistl, which suggests that B-TrCP is
an authentic E3 ligase regulating Twistl degradation at S phase.

To further validate whether AKT]1 is involved in B-TrCP-mediated Twistl destabilization,
we expressed B-TrCP WT or B-TrCP AF (a B-TrCP variant that lacks the F-box domain) in HEK-
293T cells to test their ability to induce Twistl WT and AVA ubiquitination. We found that -
TrCP, but not B-TrCP AF, induced specific ubiquitination of Twistl WT whereas Twistl AVA
could not be ubiquitinated (Figure 4E). In addition, co-expression of B-TrCP facilitated AKT]1-
mediated Twistl degradation (Figure 4F). Because there is abundant degradation machinery in
the cytoplasm, we asked whether AKT1-mediated Twistl phosphorylation also occurs in specific
subcellular localization. When we examined cellular localization of WT and mutants Twistl, we
found that Twist] WT and Twistl DDD localized mainly to the nucleus with visible expression
in the cytoplasm (Singh and Gramolini, 2009) using fluorescence microscopy (Figures 4G and
S4D) and cell fractionation analysis (Figure 4H). Twistl AVA, which is resistant to 26S
proteasome-mediated degradation, localized exclusively in the nucleus. The results suggest that
AKT1-mediated phosphorylation of Twistl is required for its translocation from the nucleus to
the cytoplasm for degradation. In this regard, it is worthwhile to mention another EMT

transcription factor, Snail, is also regulated by GSK3p in a similar fashion (Zhou et al., 2004).

Twistl AVA is a potent inducer of EMT

Because Twistl is a key mediator during EMT progression, we also investigated the effect of
AKT1-mediated Twist]l phosphorylation in EMT using Twist] phosphorylation-deficient (Twistl
AVA) and phosphorylation-mimic (Twistl DDD) mutants. To this end, we established stable

transfectants with empty vector (EV), Twistl] WT, and AVA and DDD Twistl mutants in MCF7
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breast cancer cells, in which the basal level of endogenous Twistl WT is low. Of the 35 clones
screened, more than 15 clones expressed Twistl WT, and E-cadherin was only partially or not
downregulated with no apparent morphological changes that resemble EMT. Likewise, the
Twistl DDD stable transfectants did not induce any E-cadherin loss or EMT phenotype.
Interestingly, half of the 20 neomycin-resistant clones of Twistl AVA transfectants underwent
morphological changes that resembled EMT. Stable transfectants with similar Twistl expression
levels were used for comparison (Figures 5A, 5B, S6A, and S6B). To exclude the effects of
clonal selection in the stable transfectants, we infected MDCK cells with replication-incompetent
retroviruses expressing Flag-Twistl WT, AVA, and DDD. In both MCF7 and MDCK cells,
Twistl AVA induced a significant downregulation of E-cadherin and a gain of N-cadherin
expression (Figures SA, 5B and S6C). Another fibroblast marker, vimentin, was also selectively
expressed in the Twistl AVA cells (Figures 5B, and S6B). Real time-PCR analysis showed that
the mRNA level of E-cadherin was partially reduced in MCF7-Twistl WT cells but completely
abrogated in MCF7-Twistl AVA cells (Figure 5C). These results suggest that AKT1-mediated
phosphorylation reduces DNA binding activity of Twistl that results in derepression of Twistl-
repressed E-cadherin.

Since EMT 1is associated with acquisition of cell motility, we performed a Transwell
invasion assay to validate the increase in the motility of the stable clones. Although cell
proliferation rate of Twistl variants remained similar (Figures S6D and S6E), cell invasion
ability was significantly enhanced in MCF7 Twistl AVA transfectants (Figure 6F). We also
performed a wound-healing assay to track the movement of MCF7 stable transfectants using
time-lapse microscopy. After 24-hr incubation, MCF7-Twistl AVA cells displayed accelerated

migration into the wound compared to the WT and DDD mutant (Figure S7A). We quantitated
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the number of migrating cells (Figure S7B). Similarly, Twistl AVA showed aggressive
phenotype. To further validate the migration ability was due to the loss of E-cadherin, we
restored E-cadherin into two independent Twistl AVA clones to revert Twistl AVA-induced EMT
(Figure S7C). Because EMT is usually accompanied by an increase in cancer stem cell
properties, we also conducted stem cell analysis and found that Twistl AVA had a higher ability
to induce cancer stem cell side population (Figure 5D) and mammosphere formation (Figure 5D,
inset) compared with WT and DDD. Moreover, the motile behavior of Twistl AVA also reflected
its anti-apoptosis ability. Unlike Twistl S42A and VA, which showed minor effect from
adriamycin-induced apoptosis, Twistl AVA significantly protected cells from apoptosis (Figure
S7D). Taken together, abrogation of AKTI1-mediated Twistl phosphorylation enhances EMT
phenotypic changes that resemble AKT1-induced EMT repression.

To consolidate the role of Twistl in AKT1-mediated EMT repression, we knocked down
Snail and Twistl in shAKT1 clone and found that downregulation of Twistl but not Snail
abolished shAKTl1-induced EMT (Figure S7E). We also stably expressed myr-AKT1 DN
(dominant negative myr-AKT1) in MCF 10A (shCTRL) and two Twistl knockdown stable
clones (shTW-1 and shTW-2) (Li et al., 2012). Myr-AKT1 DN increased Twistl expression and
enhanced TGFB-induced EMT as measured by downregulation of E-cadherin and upregulation
of vimentin and N-cadherin expression. However, knocking down Twistl inhibited TGFp-
induced EMT in AKT1 DN expressing cells, whereas cells that received shCTRL showed no
effect (Figure SE). Thus, expression of Twistl expression in MCF 10A cells is required for
TGFB/myr-AKT1 DN-induced EMT. We next validated this finding through a lung colonization
xenograft model. The in vivo experimental metastasis assay showed that myr-AKT1 DN

expression in 4T1-Luc cells enhanced metastatic potential as measured by the number of lung
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colonization, and knockdown of Twistl expression antagonized myr-AKT1 DN-induced
metastasis (Figure 5F). To better delineate the role of Twistl in breast cancer metastasis, we used
mouse model that develops spontaneous metastasis to measure the impact of Twistl. MDA-MB-
231 cells harboring shAKT1 or shTwistl were laterally injected to the mammary gland of 6-
week-old female mice. Primary tumors were removed after three weeks of tumor cell injection.
The rate of metastasis was determined by measuring lung nodules formation. As shown in Figure
5G, downregulation of AKT1 reduced tumor growth but induced aggressive lung metastasis.
Indeed, AKT1 mediated EMT inhibition required Twistl, because downregulation of Twistl

impaired shAKT1-mediated metastasis (Figure SH and 5I).

AKT1 controls the molecular switch by T121 and S123 phosphorylation

To differentiate AKT2-induced EMT via Twistl S42 phosphorylation, a series of
functional analyses was performed to distinguish the isoform-specific regulation in the context of
Twistl. As shown in Figure 6, Twistl S42A (AKT2-deficient mutant) showed similar stability
(Figure 6A) and ubiquitination (Figure 6B) to the wild-type Twistl. Interestingly, mutation of the
second motif on Twistl S42A (Twistl AVA) robustly stabilized Twistl by blocking B-TrCP-
mediated ubiquitination. These results suggest that T121 and S123 phosphorylation by AKT1
favor B-TrCP recognition for protein degradation likely due to a conformational change. We
performed qChIP (Figure 6C) and luciferase assay (Figure 6D) to evaluate the transcriptional
activities of the Twistl variants on the E-cadherin promoter. While Twistl S42A reduced its
DNA binding ability and derepressed the transcriptional activity of the E-Cadherin promoter,
additional mutation at T121 and S123 did not impact DNA binding or the transcriptional activity.

Functionally, we analyzed Twistl variant-mediated EMT phenotype using retrovirus
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infection in MCF7 cells. Interestingly, we found Twistl S42A lost its EMT potential whereas
Twist]l AVA induced EMT phenotypic change (Figure 6E) as well as cell invasion (Figure 6F).
Together, our data indicated that AKT2/3 phosphorylates Twistl at S42, reducing E-cadherin
expression to induce EMT whereas AKT1 catalyzes extra two phosphorylation (T121 and S123)
events on Twistl for B-TrCP-mediated degradation to inhibit EMT (Figure 6G). Given most
literature support that Twistl does not directly and physically interact with the promoter, Twistl

42 A likely changes the binding proteins complex to influence their DNA binding affinity.

Correlation of AKTL, B-TrCP, Twistl, and E-cadherin in human tumor tissue

To study AKT1-induced Twist degradation, we examined the protein expression of AKT1
and Twistl in luminal and triple-negative breast cancer (TNBC) cell lines. Consistently, we
observed significant downregulation of AKT1 and upregulation of Twistl in TNBC cells (Figure
7A). Similar pattern was found when we compared triple-negative and luminal breast cancer
patient samples (Figure 7B) in which AKT1 but not AKT2 correlated negatively with Twistl in
breast cancer patient samples (Figure 7C). Since downregulation of AKT1 induced tumor
initiation cell population, we introduced non-stable knockdown of Twistl in basal breast cancer
cell lines and found a significant reduction of tumor initiating cells in most of the BLBC cell
lines tested (Figure 7D). To further validate the pathological relevance of the identified
mechanism, we studied the expression of AKT1, B-TrCP, Twistl, and E-cadherin in 104 human
metastatic breast tumor specimens by immunohistochemical (IHC) staining. Twistl was detected
in 13 (12.6%) of the 39 specimens with high AKT1 expression but in 39 (37.9%) of the 45
specimens with low AKT]1 expression, indicating that there is an inverse correction between

AKT1 and Twistl expression (p = 0.018). Consistent with this finding, we found that AKT1
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expression was associated with B-TrCP (p = 0.0001) and E-cadherin expression (p = 0.002)
expression (Figures 7E and 7F). These IHC staining results further supported the pathological
relevance of the identified pathway. Altogether, the results suggest that AKT1 phosphorylates
multiple sites on Twistl and that p-Twistl reduces its DNA-binding activity to the E-cadherin
promoter, which allows it to translocate to the cytoplasm where it recruits B-TrCP E3 ligase for
ubiquitination and subsequently degradation. A proposed model for AKTI1-mediated EMT

suppression is illustrated in Figure 6G.

Inhibition of AKT1 induces Twistl upregulation and metastatic potential

Multiple AKT inhibitors have been tested in clinical trials as anti-cancer agents (Pal et al.,
2010). The model shown in Figure 6G raises a concern that the use of AKT inhibitors as anti-
cancer agents could potentially enhance EMT/metastasis while suppressing tumor growth. To
this end, we tested this potential adverse effect of a clinically used AKT inhibitor, MK-2206,
which possesses differential inhibition toward AKT isoforms (selective inhibitor of AKT1, AKT2
and AKT3 with IC50 of 5 nM, 12 nM, 65 nM respectively) (Yap et al., 2011). To determine
whether AKT1 inhibition by MK-2206 has potential to induce EMT via Twistl upregulation in
breast cancer cells, we treated MCF10A cells with 0.2 uM MK-2206 to measure the expression
of EMT markers. We found that MK-2206 enhanced TGFf-induced EMT (Figure 8A, lane 4, 8
and 12; and S7F). MK-2206 alone also induced EMT in MCF 10A cells but required a longer
stimulation than TGFf treatment (Figure 8A, lane 3, 7 and 11). Continuous treatment with MK-
2206 alone to passage 3 (3 days/passage) led to late EMT morphological changes similar to that
of TGFp treatment. In fact, MK-2206-mediated EMT is primarily through AKT1 inhibition as

knocking down AKT2 and AKT3 did not influence the EMT phenotype (Figure S7G). Consistent
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with our earlier finding, inhibition of AKT1 by MK-2206 increases Twistl stability by blocking
Twistl degradation (Figure 8A). To determine whether stabilization of Twistl is required for
MK-2006-mediated EMT, MCF 10A cells carrying shCTRL or shTwistl (shTW-2) were treated
with MK-2206 for 10 days. As shown in Figure 8B, downregulation of Twistl inhibited
MK?2206-mediated cell migration, invasion, and formation of EMT phenotype, suggesting an
indispensable role of Twist]l in MK-2206-mediated phenotypic changes associated with EMT.

Since the protein stability of Twistl is tightly regulated by B-TrCP (Figure 4C and S5C), we
asked whether destabilization of Twistl by B-TrCP inducer resveratrol would reduce MK-2206-
mediated EMT. To do this, we first treated MCF 10A cells with MK-2206 to induce EMT and
then treated them with resveratrol (10 uM) for 2 days. We found that resveratrol downregulated
Twistl and reverted MK-2206-mediated phenotypic changes associated with EMT (Figure 8C).
At a concentration of 10 uM, resveratrol inhibited MK-2206-mediated cell invasion (Figure 8D)
and migration ability (Figure 8E). Similar experiments were also validated in MCF7 cells
(Figures S7TH, S71 and S7J). The possibility that resveratrol decreases the MK-2206-mediated
aggressiveness was further explored by investigating the effects of resveratrol on tumor
metastasis in animal model. To do this, 4T1 cells were transplanted into Balb/c mice via tail vein
injections (L1 et al., 2012). Tumor-bearing mice were then treated with or without MK-2206
or/and resveratrol. The metastatic nodules in the lungs were resected from each mouse and
quantified by dissecting microscopy (Figure 8F). The number of lung metastasis was
significantly reduced in mice co-treated with both MK-2206 and resveratrol but not in mice that
received single regimen (Figure 8G). In addition, combination therapy of MK-2206 and
resveratrol also prolonged mice survival by 20% (Figure 8H). These observations suggest that

Twistl is a key factor in MK-2206 induced EMT, cell migration/invasion, and lung colonization
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in breast cancer and that destabilization of Twistl enhances the therapeutic efficacy of MK-2206
for breast cancer treatment (Figure 8I). In fact, single regimen of MK-2206 was set to have
10%-20% efficacy to measure the combinatory effect. Therefore, MK-2206 treatment alone did
not increase the number of metastatic lung nodules in Figures 8G.
Discussion

The discrepancies in AKT1’s role in breast metastasis may be attributed to the differences in
different transgenic models tested. While overexpression of AKT1 accelerated ErbB2-mediated
mammary tumorigenesis but suppressed tumor invasion (Hutchinson et al., 2004), knockout of
AKTI in ErbB2 and PyMT in mice impaired lung metastasis (Ju et al., 2007; Maroulakou et al.,
2007). Since knockout of AKT1 already compromised the ErbB2- and PyMT-induced primary
tumor formation, it is unclear whether the reduced lung metastasis was attributed to the reduced
primary tumor in that animal model. It should be noted that AKT1 was shown to induce EMT in
squamous cancer and sacroma (Grille et al., 2003; Julien et al., 2007; Zhu et al., 2011). Here, we
show that AKTI-mediated EMT inhibition was specifically found in breast cancer cells.
Interestingly, this phenomenon was also correlated with the gene signature found in CCLE
(Figure S1A). However, it remains unclear how AKT1 activity is modulated within different cell
context. In this study, we find that AKTI expression is negatively correlated with EMT
phenotype by cross-analysis of available datasets from both cell lines and patient samples. We
show that AKT1 interacts with Twistl and reverses its transcriptional repression function in E-
cadherin regulation. Three Ser/Thr residues spanning two AKT phosphorylation motifs of Twist1
are required for its complete phosphorylation by AKT1 in vitro and in vivo. Twistl mutant that is
no longer phosphorylated by AKTI1 fails to be ubiquitinated by B-TrCP for subsequent

degradation, resulting in the acquisition of EMT aggressiveness. This mechanism predicts and
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prompts us to report an adverse effect of MK-2206 therapy in inducing metastatic potential in
breast cancer cells.

Activation of the PI3K-AKT pathway has been shown to involve in the negative feedback
regulation of S6K, mTOR, MEK, and RTK (O'Reilly et al., 2006; Sridharan and Basu, 2011;
Turke et al., 2012). The combined therapy by blocking AKT activity has shown promising
outcome compared to single regimen. However, AKT-mediated negative feedback loop is less
understood. To date, AKT inhibition relieves feedback suppression of HER3 expression and
activation in breast cancer cells (Chandarlapaty et al., 2011). AKT also downregulates insulin-
like growth factor-1 receptor as a result of a negative feedback mechanism (Qin et al., 2011). We
now show that AKT1 phosphorylates Twistl to induce its degradation as a potential negative
feedback regulation to inhibit metastasis. Consistently, we observed a strong correlation between
AKTI1 and Twistl downregulation in metastatic breast cancer cohorts (Figure 6). Together, these
results indicate that enabling this feedback regulation by AKT]1 inhibition in breast cancer
patients is likely to induce Twist1 upregulation which subsequently promotes metastasis.

The involvement of Twistl in PI3K/AKT signaling was first identified using a nonbiased
approach in which both Twistl and AKT2 were found to be elevated in highly invasive stable
cell lines (Cheng et al., 2007). Vichalkovski et al. previously showed that AKT2/PKBf
phosphorylates Twistl at S42 and S123 in an in vitro system (Vichalkovski et al., 2010)
However, site-specific phospho-antibodies did not reveal the S123 phosphorylation site in vivo,
suggesting that S42 is the predominant site responsible for AKT2-induced phosphorylation in
some cell types (Vichalkovski et al., 2010). Aside from an earlier study showing PKAU
phosphorylates Twistl S123, our results indicate that Twistl S42, T121, and S123 are all

exclusively phosphorylated by AKT1 in vitro and in vivo. Mutation of any of these three sites did
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not disrupt or only partially disrupted of Twistl phosphorylation by AKT1, suggesting that these
two motifs can compensate for the loss of one or the other. It is noteworthy to mention that
AKTI1 and AKT?2 share similar but not identical phosphorylation activities (Zhang et al., 2006),
which may contribute to their differential downstream effects (Zhou et al., 2006) (Kato et al.,
2007) (Wani et al., 2011). Interestingly, knockdown or overexpression of AKT2 had no effect on
Twist] stability (Figure 3C, 3D and 3F).

Functionally, phosphorylation at S42 by AKT2 has been shown to be essential for the anti-
apoptosis activity of Twistl, and ablation of S42 phosphorylation sensitized cells to adriamycin-
induced apoptosis (Vichalkovski et al., 2010). Since Twistl is an EMT regulator and is
phosphorylated by AKT1, our investigation with the Twist] AVA mutant reveals a negative role
of AKT1 in cell migration, invasion, and EMT (Figure 5SA-C, S7A and S7B), resembling the
negative role of AKTI during metastasis (Dillon and Muller, 2010). We reason that
phosphorylation occurs at different cellular stages within different contexts, and therefore, could
give rise to a distinct functionality. It is also likely that the affinity of Twistl to the E-cadherin
promoter is lowered due to the conformational change in the bHLH motif which requires the
phosphorylation of S42. Although this study focuses on EMT suppression mediated by AKT1 but
not AKT2, the cellular compartmentalization of AKT subtypes is an important yet challenging
factor in studying their distinct functions (Gonzalez and McGraw, 2009).

It is worthwhile to mention that p-S42 is detected only in cancer tissues and correlated with
high levels of p-AKT (Xue et al., 2012). We reasoned that the correlation between Twistl p-S42
and p-AKT is likely due to high intrinsic AKT2/3 expression in the invasive patient cohorts.
Because AKT1 mediates Twistl degradation through additional phosphorylation at T121 and

S123, the staining of high levels of p-S42 is likely attributed to AKT2/3. As illustrated in
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Supplementary Figure S7K, due to the significant downregulation of AKT1 during breast cancer
metastasis, the effect of AKT2 and AKT3 on Twistl exceeded that of AKT1 in invasive patient
samples.

We found that not only DN-AKT1 (Figure S5E) but also inhibition of AKT1 kinase activity
by MK-2206 (Figure 8A) was able to induce EMT in breast cancer cells, which suggests that the
involvement of AKTI1 in the EMT inhibition is kinase dependent. To determine the putative
AKT]1 substrate among the EMT regulators, we compared their interactions with AKT1 (Figure
S2E) and the presence of phospho-motif (Figure 4A) and determined that Twistl is an authentic
AKT]1 substrate that is directly involved in AKT1-mediated EMT inhibition. As the GSK3 and
Snail axis is often related to AKTs signaling, AKT] may counteract EMT inhibition by
repressing GSK3f/Snail signaling. In this study, we provided several lines of evidence to
exclude the possible involvement of Snail by AKT1 in breast cancer cells: 1) AKT1 did not
directly interact with or phosphorylate Snail (Figure 2F, S2E and S3D); 2) only Twistl but not
Snail was upregulated in shAKT1-induced EMT cells in breast cancer cells (Figure 3B and 3C);
and 3) only Twistl but not Snail was upregulated in AKT1 inhibitor MK2206-induced EMT cells
(Figure 8A). These results indicate that the myr-AKTI-mediated GSK3[ activation is not
sufficient to induce Snail stabilization in breast cancer cells (Figure 3B) and suggest that it may
be worthwhile to revisit the specific function of AKTI, 2 or 3 in different cell types.

Because AKT does not influence Twistl mRNA expression (Vichalkovski et al., 2010) (data
not shown) and Twistl undergoes caspase-mediated cleavage and proteasome-mediated
degradation (Demontis et al., 2006), it is reasonable to investigate the protein stability of Twistl
in response to AKT1 activation. In agreement with an earlier report that AKT1 but not AKT2

targets S-phase kinase-associated protein 2 for degradation (Lin et al., 2009), we identified the
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isoform-specific, phosphorylation-dependent degradation of Twistl. In fact, studies with regard
to AKT-mediated proteasome degradation are prevalent. For example, PI3K/AKT has been
shown to destabilize p53 (Ogawara et al., 2002), FOXO3a (Brunet et al., 1999), and Bax (Datta
et al.,, 1997) to block their negative regulatory functions, thereby promoting cell growth and
survival. Aside from rapid degradation of the tumor suppressors, AKT also maintains the
homeostatic stability of a wide variety of oncoproteins via phosphorylation-dependent
degradation. By cooperating with MDM2, AKT induces proteasome-mediated degradation of
androgen receptor in prostate cells (Lin et al., 2002). AKT also reverses overexpression of TAL1
in leukemic cells by inducing proteolysis for the proper maintenance of intracellular
concentrations of TAL1 (Terme et al., 2009). Similar to our earlier observations in GSK3f3-
mediated Snail destabilization in EMT repression (Zhou et al., 2004), AKT1 also serves as a
critical signaling factor in regulating Twist1 stability.

Since B-TrCP is a novel E3 ligase targeting AKTI1-Twistl complexes for degradation, we
tested the effect of resveratrol (3,5,4'-trihydroxystilbene), which is currently being studied in
clinical trials (www.clinicaltrials.gov), on B-TrCP induction to limit the metastatic potential
induced by MK-2206. Resveratrol is a naturally occurring compound that has been investigated
for its beneficial effects in diet and cancer progression. Except for its anti-tumorigenesis activity,
a number of studies have indicated that resveratrol functions in anti-metastasis through induction
of B-TrCP expression (Wei et al., 2009; Wei et al., 2007). In particular, our data provide a
mechanism by which resveratrol inhibits MK-2206-induced breast cancer metastasis through the
Twist1/B-TrCP degradation pathway. Since inhibition of AKT]1 relieves its suppression on Twistl
and results in EMT, the use of resveratrol as an inhibitor of anti-AKT1-triggered EMT has the

potential to reverse this effect. Although both shAKT and AKT1-DN increased lung colonization
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(Figure S5F and 5I) and MK-2206 enhanced EMT ability (Figure 8A-E), MK-2206 alone did not
increase lung colonization (Figure 8G) in the model established via intravenous injection of 4T1
cells. Because the experiment was set to test combinatory effect, MK-2206 mediated AKT1
inhibition in mice treatment was not optimized. In addition, the cytotoxicity of MK-2206 may
suppress the survival of tumor cells after intravenous injection. The number of cells required for
lung colonization after MK-2206 treatment may not be sufficient compared to untreated cells.

While down regulation of AKT1 in mesenchyme/BLBC cells is promising, the dramatic
expression of AKT3 throughout most cancer cells (Figure S1B) suggests that isoform-specific p-
AKT3 antibody has the potential to serve as a biomarker to indicate triple-negative status of
breast tumor tissues. In regard to its high expression in mesenchyme or TNBC cells (Figure 1A,
1B, 1C, and 1D), specific small molecule inhibitor against AKT3 may eliminate the isoform
effect of AKT1. Given the effective treatment for TNBC remains unavailable, AKT3 may be
tested as a therapeutic target for TNBC.

In summary, we have identified a novel AKT1/B-TrCP/Twistl/E-cadherin signaling axis in
breast cancer cells (Figure 7E). The AKT1- and AKT2/3-specific EMT regulation of Twistl
phosphorylation appear to have differential effects depending on the cellular context. Dissecting
the effect of each AKT isoform, in this case, AKT1 enabled us to further understand how breast
cancer cells undergo EMT and reach metastatic potential. Moreover, perturbation of this pathway
by resveratrol may be beneficial by limiting the metastatic potential when administering MK-

2206.

EXPERIMENTAL PROCEDURES

Cell lines and cell culture. All cell lines were obtained from the American Type Culture
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Collection (Manassas, VA) and maintained in Dulbecco's modified Eagle's medium containing
high glucose (DMEM/F-12) with 10% fetal bovine serum (FBS). Stable cell lines were grown in
the presence of an additional 500 mg/ml G418 (Invitrogen, Carlsbad, CA) or 1 pg/ml puromycin

(Calbiochem, San Diego, CA).

Immunohistochemical (IHC) Staining. IHC staining was performed as described previously (Lee
et al., 2007). Human breast tumor tissue specimens were incubated with antibodies against
AKTI1, B-TrCP, Twistl or E-cadherin and a biotin-conjugated secondary antibody and then
incubated with an avidin-biotin-peroxidase complex. Visualization was performed using amino-
ethylcarbazole chromogen. For statistical analysis, Fisher’s exact test and Spearman rank
correlation coefficient were used and a p-value less than 0.05 is considered statistically

significant.

Mouse Model of Lung Metastasis. Tumor metastasis assays were performed using an intravenous
breast cancer mouse model as previous described (Li et al., 2012). 4T1 Cells (1 x 10°) were
injected into the lateral tail vein of Balb/c mice. To measure lung metastases, animals were
weighed before each experimental end point, and lung nodules were stained with India ink,
excised, and counted immediately. All animal works were performed in accordance with MD
Anderson institutional review board and was performed in accordance with National Institutes of

Health guideline. Detailed treatment protocol is described in Supplemental Information.

All other experimental procedures are described in the Supplemental Information.
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Figure 2

A C D
. . TW-N  TW-C
AKT phosphorylation motif (1-112) (113-202) GST-Twistl
RXRXXS/ T E § £ « o< <
Twistl ~ RKRRSS  (42) > 5 3 > 5§ g E
RORTQS  (123) so- N gy W W
hMDM2 RRRAIS  (166) & 3
RKRHKS  (186) . ;
GSK3b  RARTSS  (9) y .
IKKa RERLGT  (23) -
B In vitro Kinase Assay In vitro Kinase Assay
S123A 50- 50-
GST S42A T121V : ?
B e " RS
I -1 112 202 - »5. i
[] [ |
Coommassie blue Coommassie blue
E HA-Twistl
F - < <
ss3sz F G
MYEAKTL g i o EV TW AVA 42A Snail GE1 +EV+ :L’VT+ ﬁVA+
e Ippase - 4 -t -+ -t -t MK-2206 - + - + - +
37- _ . e
AKT-sub-p o ==m * o, W — o
=, |
25+ g -““——-ﬂ- * 37- o -‘-‘-n-“- * 37- :
HA AKT-sub-p
50- * 25- 25-
37- 5. T e s S e
AKT-RXR-p :
P —— w/ myr-AKT1 3r-
25- - Y AKT-RXR-p
P HA EV TW AVA 42A Snail -
75- ; ; |ppase - + - + - + - + - + =
50- 50: AKT ;"" a- - .
X T T 1 7 % ;. TR Sy T T — P oo ————
— s o o AKT A
HA T —  mem  AKTT o -
. s : Twist1 m
2. DD GO Tvist ”. o

- Input
Input wo/ myr-AKT1 pu



Hlaure 3 y €& ¢ ¢ B
m < < O < <
A B sss C 5 5 5
Q_ - - '..._
_ I . - Il“!
MEFs Twistl - z Twistl 25
' ) ] &) :
I, Snail " i———— =y Snail
£ :
; < 50-
. GSK3b-p s il S0 > AKTL
AKT1 5o- S— 75 E
2 _ HAFG z AKT2
Twistl - . :
Tubulin 5o —— E-cad
. -cad
Tubulin “ o a-ca
%0 . Twistl v
< N-cad
N
RT-PCR
D E.V. myr-AKT1 myr-AKT2
CHX(h) 0 2 4 6 810 0 2 4 6 810 0 2 4 6 8 10
75 e . i<l et b
~ * ‘0
50- : ' g
HA Wwwwwer ——————— x £
37- : ks
. il sk )
zs.P.- - - [T SS— g
s ' R, & |[®ev
- e o —— myr AKT1
; -@— myr AKT2
- : RS il S i T T v T T
GFP o com— _ mmmm——— _ 5t i+ 3w
Time(h)
E 10
80
HA-Twist1 WT AVA DDD 2 60
CHX(hy 0 2 4 6 810 0 2 46 810 0 2 4 6 8 10 gm
HA o GG s e v -  (DEDEDEDED & Qoap e wr w= - o 20
GFP 25 T s aws amo s 90D «~ SI5e S5 OES tpd e cnt QR T T e S 10
. [}
o
-@- DDD
= 0 2 4 T_é (h)é 10 12
Ime
ShCTRL  ShAKTL  ShAKT?2 G
IGF-1(h) 0052 4 0052 4 0052 4
B ¢ 1.4 —
TWISHL ;- - - ————— - — . - MDA 435 r=-0.738

e HS578T

o
o

I
~

>

A

_|

N
3 ;

:

:

I

:

Twistl expression index

o
()]

MCF10F *eMCF1.
.

IGF1R-
p 02 MCPMbA 361
i MDA 468 MDA 23LMCPE o, Tco
0 02 04 06 08 10 12

Tubulin

AKT1 expression index




Figure 4

A B
XXS
KBa DGl KKERLI DDRKDSGLDSMKD 39 oneensus DSy
IkBb ACLGKAADADEWCDSA.GSLGP 26 Twistl WT MMQDVSSSPVSPADDSLSNSEEE 23
IkBc AKGPDEAEg\Q/(Y: Bnggv E'Sl'gllgg 534 Twistl 2SA MMQDVSSSPVSPADDALSNAEEE 23
P105
P100 EVKEDSAYCSQS 930 . .
Bcl10 EVKEDSAYGSGQS 88 Twistl WT Twistl 2SA
b-catenin KAAVSHWQQQSYL DSGTHSGAT 40 CHX(h) 0 2 4 6 810 0 2 4 6 8 10
FOXo3a LTSDSL SHSDVM 486 . & e L
FOXo03a FERL Qw593 TRt R M %
FOXo3a LTSDSL SHSDVM 651 oaomoe B
Snail SDEDSGKGSQPP 104 - e SHEHEE
Twistl MMVQDVSSSPVSPADDSL SNSEEE 23 i
- e R G S s S
Concensus DSy XXS Tubulin 50- | —————————
E WT AVA
C D b-TrICP - - + - - - + -
CG TG Resveratrol agrgg DF o+ o4 I + o+ _;_ I
M) c 8 B3 c&83 088 3 12 p— 150- i -
i %- | HsibTrCP gl
Twistl - - - - 3 5 HA  50- - | .
go.s 37- -— !
b-TrCP _ % S - ---._'-'io_e 2
Cyciin DfO- -..._ ___ | _ ey §0.4 His pull down
z 75-
_ 1 Flag 50_"'-'..‘- -®g
Tubulin = K 0 30 1h 2h 4h 6h 8h 10h 12h 14h
-MB- e v o -
MDA-MB-468 oS Time (h) af?er double th(jé/ilt\jﬂine release e HA 2
F Input
DMSO MG132 TW'Stl WT
FG-b-TrCP - - +
HA-myr-AKT1 - + + -
HA-Twistl + + + + + +
75-
- AT Cyto Nucleus

50-

HA

37-

A — - Tt TWISIL | e v e il

25-

DTICP | o B8 s o B2

75-

laminB/ e sy
Tubuli

RT-PCR

00 m nucleus only
M nucleus+cytoplasm

16

1.2

(o]
o
Twistl
Expression

0.8

Twistl
Intensity

0.4

0

Percentage of cells_,




CD24-

Figure 5

A B C
MCF7 EV WT AVA DDD
a 1 2132121235 8
- < [a)
3 L 2z a E-Ccad
c | 150- | EPCAM
a E-cad [ T N-cad
100- VIM
= LGt 100, ———— — MP2
£ peb1
8 N-cad ®°* T - 7EB2
Ll !
= Vim
)
5
S myc
pd
Twistl 25 - e w Notchl
POUS5F1
S GAPDH
Tubulin “
p- *0 20 IR .
D E shC shC shTw-1shTw-2 F

N
o

Twistl g5 W e D —— —

TGFb -+ -+ -+ -+
ONAKTL s o+ 4+ o4+t p<0.001 p<0.001
44 120 \
Ecad ) i - - ———
100- i & 100- :
: e s =
N-cad .. e - g %, 3 T
L & — e c 80-
-~ o g
, : i s
Vim so- o = 60
e N
. ' R
e S —
DNAKT1 54. 5
Re!
IS
5
z

N
o

Pty

' 27.1%  GSK3b-ps;. - gn - 0
R 37393.'!=- EV DN EV DN EV DN
i »  Snail .‘rc—---’ shC  shTW-1 shTw-2

Tubulin 50-“

o A g S

H I p<0.001  p<0.001
300 - \
800 - -@- shC
-@- shAKT1 250
- shAKTL TwW-1
600 {| W ShAKTL Tw-2 200

ey
o
o

100 -

N
o
o

Tumor Volume (mm3)

a1
o

Number of Lung Nodules
&
o

0 .
5 10 15 20 25 0-

. ShC  shAKT1 shAKT1/ shAKT1/
Time (day) TW-1 TW-2




Figure 6
A B C D

CHX(h) 0 2 4 6 8 10 [ T <
® 22295z
TWIStLWT 2 HissUbi - + + + + + i 40
05 p=0.005
: - <0.001
Twistl 42A ,, S - - . 2 > &
. 5 04 I Twistl QS 3p-
4 € .2
L 8‘ _Jle[€] €5
Twistl VA . @lememma—— == Ubiquitin % o 5 g
TwistL AVA . (N - £ 02 5 e
) S5
o 8 S 3
> . ) wl 101
% 1901 His pull down 8 o1
5 o
< HA 50, D S e g W 0l
'% 40 EV WT  42A VA AVA EV WT 42A VA AVA
o Twistl 25-w gChIP E-cadherin promoter
< 20
c
3 Input
g o 2 4 6 8 10
Time (h
(h) G
E 4 £
w
. < || G AN
5E<<\E1<>E:>E X 31| ma2A @ @&OU
= N E =VA @ / Degradation
o AVA
Twistl “ 8, 2 Ubiquitination
c
5—5 s42 25123 /T .
Tubulin w - 1A rafiSlecation
LL % Tri-phespharylation
N-cad Vimentin : Cytoplasma
Hhobich Nueleus
160 :
F % Mana-phosphorylation
b !
2 o [
' ot 2 EMT inducti
X4 lens EV WT 8 80 1 \ inductian
M, 5 60 -
! °‘ ‘ " 1 CT) 40 E-cadherin —’ EMT
"S"" < . ~3:.v._ ) g |
Sy, u"t S 20
Skt Z o

EV WT 42A VA AVA




Figure 7
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